Abstract-This paper evaluates the outage performance of CRNs with mutual interference between SUs and PUs under the underlay approach. We derive the outage probability expression of CRNs, and it is shown that the outage probability of CRNs with considering the interference to SU from PU is higher than that of CRNs without considering the interference to SU from PU. In addition, the outage probability is affected by key network parameters, such as maximum transmit power of SUs, transmit power of PU, interference level of PU, distribution parameter of transmission channel gain or the secondary transmission link (between the secondary transmitter to the secondary receiver) and distribution parameters of interference channel gain or interfering link (from the secondary transmitter to the primary receiver or from the primary transmitter to the secondary receiver). Simulation results have a good agreement with theoretical analysis.
I. INTRODUCTION
Cognitive radio technology [1] is an efficient means to improve spectrum utilization and has gained much attention in recent years. In cognitive radio networks, secondary users (SUs) are permitted to use the licensed band so long as they protect the data transmission of primary users (PUs) [2] . In the underlay approach, the SU is allowed to use the spectrum of the PUs only when the interference from the SU is less than the interference level which the PU can tolerate. Therefore, to protect the transmission of the PUs in the allocated frequency band, the transmit power of SUs should be constrained. On the other hand, relay communication has been a promising scheme for improving the throughput and coverage of wireless communication systems and has also recently found applications in cognitive radio systems [3] . Inspired by cognitive radio and cooperative relay communication, the authors in [4] proposed the cognitive relay networks (CRNs) which combined cognitive radio technique and cooperative relay technology. Outage probabilities of cognitive relay networks have been presented considering the impact of the Yiming Wang is with School of Electronics and Information Engineering, Soochow University, Suzhou, China (e-mail: ymwang@suda.edu.cn). spectrum sensing accuracy in overlay coexistence in [5] . A rough upper bound of outage probability for cognitive relay networks without the maximum transmit power limit was obtained in [6] . In [7] , the exact outage probability of an underlay cognitive network using DF (Decoding Forwarding) relaying with best relay selection in Rayleigh fading channels has been studied. The authors in [8] extended the analysis of [7] to Nakagami-m fading channels, an exact outage probability expression was derived, and the impact of various key system parameters was investigated. In [9] , the exact outage probability was derived over Rayleigh fading channels in cognitive relay network with the maximum transmit power limit in a spectrum sharing scenario. While these studies only consider the interference to PU from SU and ignore the interference to SU from PU. In practical wireless communication environments, it is not reasonable. No prior work considered mutual interference between PUs and SUs under the underlay approach, which motivates our work.
The paper is organized in five sections. The system model is presented in Section II. The end-to-end outage probability analysis with considering mutual interference between SUs and PUs is given in Section III. Simulation results are given in Section IV to verify the performance of the proposed analysis method, and the conclusions are given in Section V. We consider an underlay cognitive relay network with mutual interference between PUs and SUs, as shown in Fig. 1 . In the figure, S 
II. SYSTEM MODEL
where I th is the interference temperature constraint, and P max is the maximum transmit power available at S s and SU r . We consider a cognitive network in which the transmission from SU source to SU destination takes place in two hops. During the first hop, S s transmits to SU r with an average power of P s , and SU r fully decodes the message based on the received signal. Then, SU r transmits a re-encoded message with an average power of P r to D s during the second hop. Therefore, the signal-to-interference and noise ratio (SINR) of the first hop and the SINR of the second hop can be obtained respectively by .
where P p is the transmit power of primary transmitter, and N 0 is noise power. As regards a DF protocol, the end-to-end output SINR at destination D s can be tightly approximated in the high SINR regime as follows [10] :
III. OUTAGE PERFORMANCE ANALYSIS
In this section, we investigate the outage performance of the previously described cognitive relay networks and analyze the end-to-end outage probability. The SU i operates in half-duplex mode. The end-to-end mutual information of S s ->SU r ->D s is given by
The outage probability of the system is defined as the probability that the instantaneous mutual information falls below a predefined rate threshold C th . Therefore, the outage probability can be expressed as 2. The outage performance of CRNs considering the mutual interference between PUs and SUs is worse than that of CRNs without considering the interference to SU from PU with the same channel parameters and maximum transmission power P max . The outage probability decreases with increasing of the maximum transmission power P max . When the maximum transmission power P max is fixed, the larger transmission channel parameters, sr  and rd  , are, the higher the outage probability is Fig. 2 also illustrates the outage performance heavily relies on the channel quality of the secondary transmission links. And sr  and rd  determine the channel quality of the secondary transmission links. In Fig. 3 , the curves of outage probability versus interference threshold are plotted using the following parameters : 2 
The outage probability of the system is a constant and it is not affected by the transmission power of PU, when the interference to SU from PU is not considered. The outage probability of the system becomes larger when the interference to SU from PU is considered, and it increases with the increase of P p . Notice that increasing P p implies increasing interference to SU from PU. When P p is much smaller than P max , the outage probability is quite close to the outage probability without considering the interference to SU from PU. The outage probability increase due to larger interference becomes much more pronounced when P p is larger than P max . Hence, the interference to SU from PU should not be ignored when we analyze the outage performance of CRNs. For fixed P p , the outage performance of the system improves with increase of pr  , which also illustrates the outage performance of the system depending on interfering link. At the same time, we also observe that the impact of pd  on the outage probability of the system is similar to that of pr  .
V. CONCLUSIONS
In this paper, the exact outage probability expression of cognitive relay network considering mutual interference between PUs and SUs is derived in Rayleigh fading channels, which provides an efficient means to investigate the impact of network parameters on the outage performance of CRNs. The theoretical analysis is validated by simulation results. Both theoretical analysis and simulation reveal that both the interference to SU from PU and the interference to PU from SU can not be ignored and they have an important impact on outage performance of CRNs. Our results are very important to research routing of cognitive relay networks based on the outage probability.
